The uranium metallocenes, [η 5 -1,3-(Me 3 E) 2 C 5 H 3 ] 2 UMe 2 (E = C, Si), react with NH 3 to give the dimers {[η 5 -1,3-(Me 3 E) 2 C 5 H 3 ] 2 U} 2
Introduction
Several substituted cyclopentadienyl uranium-imido derivatives of the type (η 5 -C 5 Me 5 ) 2 U(NAr) 2 , (η 5 -C 5 Me 5 ) 2 U(NAr)(O), (η 5 -MeC 5 H 4 ) 3 U=NPh and (η 5 -C 5 Me 5 ) 2 U=NAr have been prepared. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] When the arylamine has sterically bulky substituents such as i-Pr and t-Bu in the 2,6-positions, 3, 4 the (η 5 -C 5 Me 5 ) 2 U=NAr derivatives are generally prepared by reaction of (η 5 -C 5 Me 5 ) 2 UMe 2 with one equiv of a primary arylamine, which presumably forms (η 5 -C 5 Me 5 ) 2 U(Me)(NHAr), which eliminates methane forming the imidometallocene. 3, 4 When the substituents are somewhat less bulky, for example 2,6dimethylaniline, the bis-amide derivative is formed, which thermally eliminates the amine forming (η 5 -C 5 Me 5 ) 2 U(NAr)(thf). 8, 9 However, the least bulky arylamine, aniline, yields (η 5 -C 5 Me 5 ) 2 U(NHPh) 2 , which is stable to elimination of aniline. 4 The primary alkylamines, EtNH 2 and Me 3 CNH 2 , behave similarly. 8 Thus, formation of decamethylmetalloceneuranium imides depends in a very sensitive way on the steric bulk, and perhaps, on the electronic effects of the substituents on the primary amine. The formation of a metallocene imide from a metallocene bis(amide) is an important reaction since it is postulated to be a key step in the catalytic hydroamination of terminal acetylenes reported by Eisen. 10 The decamethylmetalloceneuranium fragment 11 is essential for the preparation of these monomeric f 2imido derivatives (with or without a coordinated Lewis base), since for example, imides derived from (η 5 -MeC 5 H 4 ) 2 U or [(Me 3 Si) 2 N] 2 U fragments yield dimeric derivatives, (η 5 -MeC 5 H 4 ) 4 U 2 (μ-NR) 2 12 or [(Me 3 Si) 2 N] 4 U 2 (μ-NR) 2 . 13 Thus, steric effects seem to play a dominant role in determining the degree of association of the uranium imide.
The bulky 1,2,4-(Me 3 C) 3 C 5 H 2 cyclopentadienyl ligand has been shown to yield the base-free oxo and p-tolylimido uranium derivatives, [η 5 -1,2,4-(Me 3 C) 3 C 5 H 2 ] 2 U=O (monomeric in gas phase) and [η 5 -1,2,4-(Me 3 C) 3 C 5 H 2 ] 2 U=N(p-tolyl) (12) (monomeric in gas and solid phase), respectively. 14 In this paper, we show that the [η 5 -1,2,4-(Me 3 C) 3 C 5 H 2 ] 2 U fragment yields a monomeric methylimido derivative that undergoes irreversible cycloaddition reactions with internal acetylenes. In addition, we report that the less heavily substituted derivatives derived from 1,3-(Me 3 E) 2 C 5 H 3 (E = C, Si) do not yield monomeric imido metallocenes.
Results and Discussion
Imides {[η 5 -1,3-(Me 3 E) 2 C 5 H 3 ] 2 U} 2 (μ-NH) 2 and Amides [η 5 -1,3-(Me 3 E) 2 C 5 H 3 ] 2 U(NH-p-tolyl) 2 .
Addition of an excess of ammonia to a solution of either [η 5 -1,3-(Me 3 C) 2 C 5 H 3 ] 2 UMe 2 15 or [η 5 -1,3-(Me 3 Si) 2 C 5 H 3 ] 2 UMe 2 15 in diethyl ether results in evolution of a gas, presumably methane, and formation of red-purple precipitates, eq 1. The precipitates are insoluble in hexane, sparingly soluble in toluene, but soluble in THF, from which they may be crystallized as red-purple or purple blocks {[η 5 -1,3-(Me 3 E) 2 C 5 H 3 ] 2 U} 2 (μ-NH) 2 (E = C (1), Si (2)). The ammonia reaction is similar to the reaction of [η 5 -1,3-(Me 3 E) 2 C 5 H 3 ] 2 UMe 2 with water that yields the oxo-bridged dimers {[η 5 -1,3-(Me 3 E) 2 C 5 H 3 ] 2 U} 2 (μ-O) 2 (E = C, Si). [16] [17] [18] The imido derivatives 1 and 2 do not melt up to 300 ºC, but both yield dimeric molecular ions in their mass spectra. Thus, the isoelectronic functional groups, O and NH, yield dimeric metallocene derivatives, which presumably have similar structures.
{[1,3-(Me 3 E) 2 C 5 H 3 ] 2 U} 2 (μ-NH) 2 + 4CH 4 (1) E = C (1), Si (2) 2[1,3-(Me 3 E) 2 C 5 H 3 ] 2 UMe 2 + 2NH 3 The 1 H NMR spectra of the imido dimers 1 and 2 are similar to each other and to those of the oxobridged dimers. 16, 19 Thus, at room temperature the Me 3 for details. A structure in which the rings on each metallocene fragment are inequivalent and the metallocene fragments in the dimer are related so that the dimer has averaged C 2h symmetry at this temperature is consistent with the 1 H NMR spectra. Increasing the temperature results in coalescence of the two Me 3 Si-resonances and the pair of A 2 B subspectra in 2, with a barrier (ΔG ‡ at T c = 100 ºC) of 16 .9 kcal mol -1 . This barrier is similar to that found in the analogous oxo-bridged dimer. 16 The Me 3 Cresonances in 1 do not coalesce by 100 ºC, though the resonances are moving towards each other. An 3 intramolecular process that is responsible for the site exchange is Cp-ring oscillations about their pseudo-C 5 axes, generating a dimer with time averaged D 2d symmetry, as suggested for the oxo and fluoride bridged dimer. 19 Two equiv of p-toluidine react rapidly with [η 5 -1,3-(Me 3 E) 2 C 5 H 3 ] 2 UMe 2 (E = C, Si) 15 The difference in behavior between ammonia and p-toluidine is rather striking and difficult to interpret, but several possible reasons may be suggested. The thermodynamics of imide formation from the diamide may be endoergic, the rates of elimination of CH 4 and RNH 2 may be greatly different, or the hypothetical p-tolylimide metallocenes may be unstable. The experiments described in the next section begin to address these differences. shows the resonances due to the ortho and meta CH, and the para-Me groups on the tolyl groups of the diamide (10) and imide (12) , but the resonances for free p-toluidine are not visible, perhaps due to the small amount formed or chemical exchange. At 100 ºC, the ratio of 10 to 12 is approximately 6:1.
Amides
Cooling to 20 ºC yields the original spectrum without loss in absolute intensity. The reversibility of the 1 H NMR spectrum is consistent with the equilibrium shown in eq 3.
The changes in the 1 H NMR spectrum on lowering the temperature are not so readily interpreted, During this process, neither the chemical shift of the p-Me resonance nor its line width changes much, suggesting that a single isomer is present but that the Cp-rings are still related by a mirror plane of symmetry at -80 ºC. (7) as shown by monitoring the 1 H NMR spectrum, up to a temperature of 65 ºC, or by heating an equimolar mixture of the two metallocenes at reflux in methylcyclohexane for 4
days. Furthermore, the amide [η 5 -1,2,4-(Me 3 C) 3 C 5 H 2 ] 2 U(NH 2 ) 2 (7) does not eliminate ammonia on heating in refluxing cyclohexane or toluene. Thus, the simplest imido cannot be made by these synthetic routes.
Formation of the imidometallocenes from the corresponding diamide derivatives by elimination of an amine, eq 3, is very dependant on the substituents on the cyclopentadienyl ring and on the amide group.
When the cyclopentadienyl ligand is C 5 Me 5 , heating (η 5 -C 5 Me 5 ) 2 U(NHPh) 2 does not yield an imide whereas (η 5 -C 5 Me 5 ) 2 U(NH-2,6-xylyl) 2 does. 4, 8 Thus, the thermal elimination pathway presumably has a high kinetic barrier that is lowered by increasing the steric bulk on the aromatic ring in these C 5 Me 5 derivatives. In the metallocenes derived from 1,2,4-(Me 3 C) 3 C 5 H 2 , amine elimination occurs for methyl and phenyl substituted amides, but not with the simplest amide, [1,2,4-(Me 3 C) 3 C 5 H 2 ] 2 U(NH 2 ) 2 (7) , which is consistent with the steric argument advanced above. When the number of Me 3 C-groups on the cyclopentadienyl ring is reduced, i.e., [1,3- 
, amine elimination does not occur because the intramolecular crowding is less and the elimination barrier is higher. This implies that the geometry of the transition state for the proton transfer is very sensitive to the intramolecular steric effects at uranium.
The imides are all dark brown-red, high melting solids that crystallize from pentane. They do not sublime but they yield monomeric molecular ions in their mass spectra. (14) , the methyl groups (NMe 2 ) appear as a single resonance indicating that all of the cyclopentadienyl and the imido ligands are freely rotating and the molecule has averaged C 2v symmetry.
Increasing the temperature has the usual effect, i.e., the chemical shift of all of the resonances follows a (15), Ph (16)), Scheme 2. The silylacetylene, Me 3 SiC≡CSiMe 3 , does not change the chemical shifts of 11 but phenylacetylene yields (Me 3 C) 3 C 5 H 3 .
The cycloaddition products 15 and 16 may also be obtained by addition of the acetylenes to [η 5 -1,2,4-
, a reaction that is consistent with the equilibrium illustrated in eq 3. The cycloaddition products 15 and 16 are soluble in pentane and they may be crystallized from that solvent.
They are high melting solids, do not sublime, but yield molecular ions in their mass spectra. An ORTEP diagram of 15 is shown in Figure 3 . The terminal MeN and MeC groups are disordered (the disorder model is described in the Experimental Section), but the crystal structure analysis shows that it is a cycloaddition product not an acetylene adduct of the imide 11. are freely rotating, since the ortho and meta CH's are equivalent, the chemical shifts are given in Table   1 . On cooling, the three Me 3 C-resonances broaden and decoalesce and by -80 ºC, they appear as five resonances in a 9:9:18:9:9 area ratio (labeled B in Figure 4a ). The ring CH resonances broaden, shift downfield, and emerge as a pair of broadened singlets with the relative area ratio 2:2, which implies that their chemical shift difference is small.. This behavior is shown graphically in Figure 4a . The Cp-rings are inequivalent and only a single isomer is observed since the MeN resonance is a sharp singlet throughout the temperature study. The benzene-ring CH-groups are also resolved into eight resonances in a 1:1:1:1:1:1:2:2 area ratio by -80 ºC (Figure 4b ), consistent with a molecule without symmetry. Ten equal area resonances should be observed but two are accidentally degenerate. Thus, the diphenylacetylene cycloaddition product 16 is sufficiently sterically crowded that the intramolecular barriers to Cp-ring fluxions and C-Ph rotations are sufficiently high that these motions are stopped by -80 ºC.
In summary, the different reactivity patterns observed for [η 5 -1,2,4-(Me 3 C) 3 and then to 15 and the azomethine. The suggested mechanism for the reaction of the cycloaddition product 15, with MeNH 2 is shown in Scheme 3. On the right-hand side is the pathway suggested by Eisen, 10 and on the left hand side is a pathway originally suggested by Bergman for the catalytic reaction between (η 5 -C 5 H 5 ) 2 Zr(NHR) 2 and an acetylene, 26 which is adapted for the uranium metallocenes. We have no information to distinguish between these two pathways since these intermediates are not observed in the 1 H NMR spectra. Unfortunately, the simplest diamide, [η 5 -1,2,4-(Me 3 C) 3 C 5 H 2 ] 2 U(NH 2 ) 2 (7) does not react with either acetylene, presumably because the equilibrium illustrated in eq 3 lies to the left.
Conclusions

13
Amine elimination occurs from [1,2,4-(Me 3 C) 3 C 5 H 2 ] 2 U(NHMe) 2 (8) (3). This implies that the formation of the imidometallocenes from the corresponding diamide derivatives by elimination of an amine is very sensitive to the intramolecular steric effects at uranium.
The equilibrium reactions, deduced from high temperature 1 H NMR spectra, is the key reaction, since the imide, [η 5 -1,2,4-(Me 3 C) 3 C 5 H 2 ] 2 U=NMe (11), undergoes a cycloaddition reaction with internal acetylenes, which further reacts with excess MeNH 2 to yield an azomethine and the diamide, [η 5 -1,2,4-(Me 3 C) 3 C 5 H 2 ] 2 U(NHMe) 2 (8) , which is a net catalytic hydroamination of an internal acetylene. 27 The methylimidometallocene, [η 5 -1,2,4-(Me 3 C) 3 (7) were prepared according to the literature methods. All other chemicals were purchased from Aldrich Chemical Co. used as received unless otherwise noted. Infrared spectra were obtained as Nujol mulls on CsI windows. 1 H NMR spectra were recorded on Bruker AVB-400, AVQ-400 and AV-300 spectrometers. All chemical shifts are reported in δ units with reference to the residual protons of the deuterated solvents, which are internal standards, for proton chemical shifts. Melting points were measured on a Thomas-Hoover melting point apparatus in sealed capillaries and are uncorrected.
Electron impact mass spectra were recorded by mass spectroscopy laboratory, and elemental analyses were performed by the analytical laboratories, both at the University of California, Berkeley. 
Preparation of {[η
Preparation of [η 5 -1,3-(Me 3 C) 2 C 5 H 3 ] 2 U(NH-p-tolyl) 2 (3). To a hexane (30 mL) solution of [η 5 -1,3-
(Me 3 C) 2 C 5 H 3 ] 2 UMe 2 (2.0 g, 3.2 mmol) was added a hexane (20 mL) solution of p-toluidine (0.69 g, 6.4 mmol) with stirring at room temperature. The solution was stirred for 12 h at room temperature and filtered. The volume of the filtrate was reduced to 5 mL and cooled to -80 °C, yielding orange-red microcrystals, which were isolated by filtration. Yield: 1.9 g (74%). The product sublimed at 145 ºC in diffusion pump vacuum. 1 were observed by 1 H NMR spectroscopy (100% conversion). The compounds in brackets are not observed c) The specific assignments are uncertain, although the chemical shift values are not.
Reaction of [η 5 -1,3-(Me 3 C) 2 C 5 H 3 ] 2 U(NH-p-tolyl) 2 (3) or [η 5 -1,3-(Me 3 Si) 2 C 5 H 3 ] 2 U(NH-p-tolyl)
Reaction of [η
